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Introduction
Single-walled carbon nanotubes (SWNTs) 1, 2) exhibit interesting and useful electrical properties. The applications of carbon nanotubes (CNTs) include hydrogen storage, 3) electronic devices 4) and chemical sensors. 5) For electronic devices, particularly, it is important to form the CNT bridge between two electrodes. However, it is quite difficult to control the direction of CNT growth and to form a CNT bridge between electrodes. In this paper, we propose to control the growth direction of a CNT by applying an electric field between two electrodes. [6] [7] [8] The new method proposed uses ramp bias to improve the bridging ratio significantly.
Experiments
n-Type Si with a thermally grown 200-nm-thick SiO 2 layer was used as a substrate. Catalysts and electrodes were patterned on the SiO 2 layer using the conventional photo lithography process, as shown in Fig. 1(a) . A 5-nm-thick iron layer was used as a catalyst. The electrodes were 40-nm-thick molybdenum and 100-nm-thick silicon. An optical image of the top view of the sample is shown in Fig. 1(b) . The distance between the two electrodes was 5 mm and their width was 20 mm. 40 electrodes were formed in a 1 cm Â 1 cm square sample.
This sample was mounted on a handmade holder, where two tungsten clips were connected to the electrodes to make the electrical contact for applying a bias between the two electrodes. This holder was, then, set in an electric furnace. During the heat-up process, Ar gas of 1000 sccm was supplied. At a growth temperature of 900 C, ethanol vapor bubbled by Ar gas of 750 sccm was supplied with hydrogen gas of 500 sccm. During the growth of the CNT, the DC or ramp bias was applied between two electrodes to control the growth direction of a CNT, and to obtain a higher bridging ratio of a CNT. After the growth of the CNT, the furnace was cooled down to room temperature with a 1000 sccm flow of Ar gas. The sample after the growth of CNT was observed by field-emission scanning electron microscopy (FE-SEM) (Hitachi, S-5200). without an applied electric field. CNTs started to grow from the catalyst in the random directions. On the other hand, Fig. 2(b) shows the SEM image of the CNT grown between two electrodes with an applied constant DC bias of 20 V. In this case, almost all the CNTs grow along the direction of the applied electric field. Therefore, the applied electric field could markedly improve the control of the direction of the CNT growth. It is considered that this is due to the highly anisotropic polarization of CNT. 9) Moreover, the CNT started to grow from the positive electrode, but it could hardly reach to the negative electrode as shown in Fig. 2(b) . The number of electrodes that could form the bridge of the CNT was only 14 out of the 40 electrodes. The bridging ratio is defined as the ratio of the number of electrodes where the CNT forms the bridge to the total number of whole electrodes. Therefore, the bridging ratio was as low as 35%. The number of bridging CNTs per one electrode was one. Figure 2(c) shows the SEM images of the CNT grown between electrodes with an applied ramp bias, which decreases from 20 to 0 V for 20 min. In this case, the CNT could completely bridge between the positive and negative electrodes. The number of electrodes that could form the bridge of the CNT was 35 out of the 40 electrodes. Therefore, the bridging ratio became as high as 88%.
Results and Discussion
Moreover, the number of the bridging carbon nanotubes per one electrode was between one and four. This result means that the bridging ratio was improved markedly by applying not a constant DC bias but a ramp bias during the CNT growth.
We determine the reason for the improvement in the briding ratio of the CNT by the application of ramp bias using the etching model of hydrogen ions shown in Fig. 3 . The etching effect of hydrogen is well known in the field of diamond composition. 10) When the electric field is applied between the electrodes, the negatively charged hydro carbon ions go to the positive electrode. On the other hand, the positively charged hydrogen ions go to the negative electrode. Therefore, the CNTs start to grow from the positive electrode. When the tips of the growing CNTs approach the negative electrode, they are attacked and etched by the hydrogen ions. Therefore, it is hard for the growing CNTs to reach the negative electrode. Because of this, the bridging ratio was low when a constant DC bias was applied. When the ramp bias was applied, on the other hand, this etching effect was decreased at a lower voltage. Therefore, the bridging ratio could be improved markedly by the ramp bias.
The distribution of the growth length of CNTs with different slopes of the ramp bias is examined as shown in Fig. 4 . When the ramp bias, which decreases from 20 to 15 V, was applied during the growth of CNTs, the length of the CNTs was suppressed to approximately 1-2 mm as shown in Fig. 4(a) . This means the growth of CNTs was still impeded by the etching effect. When the ramp biases, which decrease from 20 to 10 V and 20 to 0 V, were applied the length of almost all CNTs was approximately 5 mm as shown in Figs. 4(b) and 4(c) , respectively, which coincides with the distance between the two electrodes.
The dependence of the bridging ratio on the different ramp bias condition is shown in Fig. 5 . When the slope of the ramp bias becomes steeper, the bridging ratio tends to increase, because of the suppression of the etching effect. On the other hand, the control of the growth direction of CNTs deteriorates with a steeper ramp bias. Therefore, there exists an optimum slope of ramp bias, which changes from 20 to 5 V for 20 min. Under this condition, the bridging ratio reaches a value as high as 95%. 
Conclusions
We were successful in controlling the growth direction of CNTs during thermal CVD with an applied electric field. Using a ramp bias instead of a constant DC bias, the bridging ratio was improved up to approximately 95% owing to the reduction of the etching effect by the hydrogen ions. This growth method will be a useful tool for future CNT electronic devices. 
